 The corrosion behavior of Pb-0.05%Sb alloy and Pb in 40-60%H 2 SO 4 solution under boiling condition has been investigated. The corrosion rate of the two melts was determined by hydrogen evolution and weight loss methods, and the surface of the corroded samples was examined by SEM, EDS, XRD and XPS techniques. It was found show that there was a significant increase in the corrosion rate in Pb-0.05%Sb alloy with an increase in H 2 SO 4 concentration and temperature. However, for Pb a small increase in the corrosion rate was observed as compared to Pb-0.05%Sb alloy. These results suggest that the addition of trace amount of alloying element Sb to Pb reduced the corrosion resistance of Pb-Sb alloy in 40-60% boiling H 2 SO 4 solution, especially in 60% H 2 SO 4 solution.
INTRODUCTION
In the chemical industry, sulfuric acid as one of the most important raw material has been used in many process steps and this generally results in corrosion problems of construction materials of equipments and accessories, such as reactors, towers, storage tanks and pipes. Among them, the corrosion of construction materials for hydrolysis reactors is more serious because of the sulfuric acid environment and high temperatures required for hydrolysis reactions. In small scale studies, only highly corrosion resistant materials, such as zirconium alloys and tantalum, have been selected for the hydrolysis reactors and accessories. These metals provide adequate corrosion resistance in the hydrolysis environment, but their application is limited by their high cost and lack of availability. Lead has proven to be the most reliable material available for sulfuric acid corrosion media [1] . At room temperature it has excellent resistance to dilute sulfuric acid aqueous solution up to 95% concentration; at elevated temperature the upper limit of sulfuric acid aqueous solution is reduced [2] . However, pure lead in itself is too soft and can not withstand the damage from external mechanical forces in commercial [3] . In recent years, the corrosion of lead antimony alloys by sulfuric acid has received much attention from researchers dedicated to the study of corrosion [4~7] . However, most of the studies are confined to dilute sulfuric acid aqueous solution and normal temperature. The corrosion resistance of lead antimony alloys in intermediate concentration of sulfuric acid aqueous solution under boiling condition is not clear. In this study, therefore, the corrosion behavior of a lead containing 0.05 % antimony alloy exposed to a simulated hydrolysis environment (40~60% boiling sulfuric acid aqueous solution at temperatures ranging from 110 to 135 o C) was investigated through immersion tests. The purpose of this paper is to provide the necessary information about the corrosion of lead antimony alloys in boiling sulfuric acid aqueous solution for scientists to determine whether lead antimony alloys can be selected for the materials of hydrolysis reactors. For comparison, pure lead was also employed.
EXPERIMENTAL
Materials used for the present study were commercial pure lead (99.99%) and commercial Pb-0.05%Sb alloy sheets. The chemical composition of the lead and lead antimony alloy sheets are listed in Table 1 . The sheet was 0.3 cm in thickness and was mechanically cut into 5.0×2.5 cm samples. Each sample was perforated with a hole of about 2 mm in diameter in the middle of one edge to allow the passage of a glass hook. The samples were ground with different grades of emery paper up 600 grit, washed with absolute ethanol and acetone to remove oxide formed in air, dried in room temperature before each experiment. H 2 SO 4 aqueous solutions with concentrations of 40, 50 and 60 % were prepared from an analytical reagent grade of 98 % H 2 SO 4 and distilled water and were used as corrosion media in the studies.
Corrosion tests were carried out in a corrosion test apparatus with a gasometer. The apparatus consists of a reaction vessel, a reflux condenser and a gasometer that measures the volume of gas evolved from a corrosion reaction system. The gasometer involves a graduated burette with an outer glass jacket that serves as a water condenser and a separating funnel. One end of the burette was connected to the reflux condenser through a delivery tube; the other end was to the separating funnel. Before test, a certain amount of water was injected in the gasometer. The experimental setup was analogous to the technique adopted elsewhere [8] . In the test, 700mL of given concentration of H 2 SO 4 solution was introduced into the reaction vessel and heated. During the heating process, a certain amount of cooling water was passed into the reflux condenser and the outer glass jacket. After the sulfuric acid aqueous solution was boiling, the sample, which has been weighed, was immersed in the H 2 SO 4 solution with the help of a fishing line, and the reaction vessel was quickly closed to avoid any escape of hydrogen gas. Then the H 2 SO 4 solution was continuously refluxed for 8 h at a given heating power and the volume of hydrogen gas evolved from the corrosion reaction during the reflux was monitored by volume changes in the level of water in the graduated burette at fixed time intervals. After the corrosion test completed, the sample was taken out from the reaction vessel. The corroded sample used for surface analysis was rinsed with distilled water, washed with acetone, dried and kept in a vacuum desiccator. The corroded sample used for weight loss analysis was immersed in alkaline sucrose solution to remove the corrosion layer, then rinsed with distilled water and acetone, dried and reweighed.
The morphology of the corroded sample was characterized by using FEI Quanta 250 FEG scanning electron microscopy (SEM). The chemical composition and chemical state of the corroded products on the sample were determined by EDAX energy dispersive spectroscopy (EDS) and Rigaku Dmax Ultima Ⅳ X-ray diffractometer (XRD) with CuKα radiation and PHI-5400 X-ray photoelectron spectroscopy (XPS) using Mg Kα radiation. Fig.1 Fig.1b reveals that the volume of hydrogen gas evolved for Pb increased very small with the time, and the evolution rate increased with increasing the concentration of H 2 SO 4 solution and temperature, but the increment of the evolution rate was very small, which indicated that the rate of corrosion of Pb in boiling H 2 SO 4 solution increased very small as the concentration of H 2 SO 4 and temperature increased. Compared Weight loss measurements. The weight loss for the sample of Pb-0.05%Sb alloy and Pb after the corrosion test in different concentrations of boiling H 2 SO 4 solution is shown in Fig.2 . It is found that as the concentrations of H 2 SO 4 solution increased from 40% to 60% and temperature from 110 to 135 o C, the corrosion rate of Pb-0.05%Sb alloy and Pb all increased. However, Pb-0.05%Sb alloy had a higher rate of corrosion than Pb at the same sulfuric acid concentration and temperature, and Pb-0.05%Sb alloy had the highest rate of corrosion in 60% H 2 SO 4 solution at 135 o C. These results are consistent with the results determined by hydrogen evolution measurements above. Corrosion product analysis. The corrosion product layers formed on Pb-0.05%Sb alloy and Pb samples after immersion in different concentrations of boiling H 2 SO 4 solution were analyzed by XRD and the results are presented in Table 2 . It can be seen from Table 2 that PbSO 4 was the major component of the corrosion product film on Pb-0.05%Sb alloy and Pb. Here the Pb may be caused by the X-ray radiation penetrating the thin corrosion product layer into the substrate metal because Pb did not appear in the thicker corrosion product layer. In order to verify the result of XRD analysis above and whether other minor phases were also present in these corrosion product layers, the layers were also examined by EDS and XPS. The EDS analysis results are listed in Table 3 . As can be seen from Table 3 , there are Pb, O and S elements in the surface layers. The concentration of O element in the layers is higher than that of other elements and increases with increasing the temperature. XPS spectra of the corrosion product layer formed on Pb-0.05%Sb alloy after immersion in 60% H 2 SO 4 solution at 140 o C are displayed in Fig.5 . It can be observed that the dominant elements of the layer are Pb, S, O and C, in which C may come from pollution during sample preparation and measurement because there is no carbon component in the material used for the study. Based on the results of XRD, EDS and XPS analysis above, it can be concluded that the corrosion product layers formed on Pb-Sb alloy and Pb after immersion in H 2 SO 4 solution were mainly composed of PbSO 4 . In addition, there may be a trace of Sb existed in the layers. Because the Sb content in the layers is too low to produce sufficient detection signals, XRD, EDS and XPS failed to detect the presence of Sb.
RESULTS

Hydrogen evolution measurements.
DISCUSSION
It can be seen from our results that Pb-0.05%Sb alloy had a higher rate of corrosion than Pb in boiling sulfuric acid at the same concentration and temperature, especially when the concentration of sulfuric acid and temperature was high. The difference in corrosion behaviors between Pb-0.05%Sb alloy and Pb in sulfuric acid solution may be attributed to minor alloying element Sb. The reason for this is not very clear. A possible explanation involves the fact that according to the phase diagram for the Pb-Sb system [9] , the solubility limit of Sb in Pb is about 0.3 % at room temperature. In Pb-0.05%Sb alloy, Sb content is below 0.3 %, so Sb dissolves in Pb and exists as a solid solution. As mentioned above, the standard reduction potential of Sb is higher than that of Pb, and thus Sb and Pb in the solid solution establish local micro-galvanic cells on its surface in sulfuric acid solution. In the cells, Pb is an anode which dissolves into sulfuric acid solution and Sb serves as a cathode where hydrogen evolution reaction occurs, which increases the dissolution rate of Pb and therefore results in the corrosion of Pb-0.05%Sb alloy more serious than that of lead.
However, our results does not agree with those of Allah and co-workers and Hirasawa et al., who found that addition of small amount of Sb to Pb-Sb alloy decreased the dissolution of Pb alloys or at least had the similar corrosion behavior as pure Pb [4, 7] . This difference is probably due to different experimental conditions: the concentration of sulfuric acid and temperature, especially the temperature. In the study of Allah and co-workers and Hirasawa et al., the concentration of sulfuric acid was relatively low and temperature was close to room temperature or below 70 o C. However, in our study, the concentration of sulfuric acid was 40~60% and temperature was 110~135 o C. The increase in temperature and sulfuric acid concentration reduced the over potential of H 2 on Sb, increased the potential difference between PbSO 4 /Pb and H + /H 2 electrodes, accelerated the local cell reactions which are the hydrogen evolution on Sb and the dissolution of lead, and thus led to the corrosion of Pb-Sb alloy more serious. On the other hand, it can be seen that PbSO 4 produced by the reaction of Pb with H 2 SO 4 adheres to the Pb and Pb-0.05%Sb alloy surface and forms a protective layer. This layer only permits H + and H 2 O diffusion but not Pb 2+ and SO 4 2− [10] . The increase in temperature and sulfuric acid concentration leads to the increase of the diffusion rate of H + and H 2 O in H 2 SO 4 solution through PbSO 4 protective layer and the acceleration of the reaction of Pb with H + and H 2 O, which also makes the corrosion of Pb-Sb alloy intensified.
CONCLUSIONS
The corrosion rate of Pb-0.05%Sb alloy and Pb in 40%~60% boiling H 2 SO 4 solution was increased with the increase of H 2 SO 4 solution concentration and temperature. However, the degree of the increase in the corrosion rate of Pb-0.05%Sb alloy was much greater than that of Pb, especially in 60% H 2 SO 4 solution at 135 o C, in which Pb-0.05%Sb alloy had a serious corrosion. These results indicate that the presence of trace alloying element Sb in Pb reduced the corrosion resistance of Pb-Sb alloy in boiling sulfuric acid solution at intermediate concentration, which is different from the results of Pb-Sb alloy in dilute sulfuric acid solution at low temperature.
